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Abstract
Two dimensional (2D) materials have taken material science and solid state physics by
storm. Learning about these fascinating new materials relies on researcher’s ability to reliably
create them and to be in control of the many parameters that can impact their properties. In this
work I discuss the methods of 2D material exfoliation, transfer, and device assembly, and how
these methods allow researchers to control environmental factors, such as substrate,
contamination, and strain, that can impact 2D material properties. I also discuss challenges and
lessons learned in employing these 2D material processing methods. Additionally, I present the
results of an annealing experiment on a graphene on gold sample. Annealing resulted in an increase
in the crystallinity of the gold. Different local density of states (LDOS), as measured by dI/dV
spectra from scanning tunneling spectroscopy, were found in areas on the graphene with single
crystalline, stepped, and amorphous underlying gold structure. The influence of underlying gold
structure on the LDOS of graphene is explored. The observations from this experiment support the
idea that 2D materials are greatly influenced by their substrate and improve our understanding of
the complex relationship between graphene and gold.

ix

INTRODUCTION
For much of the 20th century, two dimensional (2D) materials were believed to be
thermodynamically unstable and therefore impossible to create. Despite this, in 1947, P. R.
Wallace theorized the local density of states of a single layer of graphite as a step toward his
calculation of the band structure of graphite and found that it would have a symmetrical linear
dispersion about the Fermi energy. (1) Nearly 60 years after these calculations, in 2004, a single
atomic layer of graphite, called graphene, was isolated by Novoselov and Geim. (2) This was not
only the first time a single layer of graphite was isolated, but also the first time any 2D material
had been isolated. The isolation of graphene started the 2D material boom that pervades material
science and solid state physics today and shows no sign of slowing. Novoselov and Geim were
awarded the Nobel Prize in 2010 for their work isolating graphene.
Two dimensional materials are so exciting for research because they exhibit electrical,
chemical, and mechanical properties that are different from their bulk counterparts, and some
properties that are not seen in any bulk material. This is due to modulation of the band structure
and changes in atomic bonding as number of layers decreases toward one. (3) This changed band
structure allows for physical phenomena not seen in the bulk materials to be realized in single or
low layer versions. For example, the half integer quantum Hall effect is seen in graphene but not
in graphite due to graphene’s unique band structure. (4, 6) In each new 2D material arises a band
structure that differs from its bulk form, which provides the opportunity to see different
phenomena, some of which are not observable otherwise. These modified electronic properties
can also make 2D materials more applicable for use in nanoelectronic devices. This is the case
for many transition metal dichalcogenides (TMDCs), which in most cases undergo widening
1

band gap as layer number decreases, which leads to a change from indirect band gap in bulk
TMDCs to direct band gap in 2D TMDCs. (5) 2D materials are attractive candidates for
application in nanoelectronics, optoelectronics, and in flexible devices. Because they are thin and
flat, 2D materials are already highly compatible with the thin film construction currently used in
silicon devices, meaning they could be added to or replace existing devices without changing
device geometry. (3)
In the Hollen lab, we seek to understand the properties of 2D materials and how they are
modified by their environment. The electronic properties of 2D materials can be changed by their
substrate, surface contaminants, and applying strain. 2D materials must be protected from these
outside factors in order to study the fundamental properties of the material. However, in many
cases, new and interesting phenomena are observed by selectively changing the material
properties using substrate, surface contaminants, or strain. Therefore, the ability to control these
environmental factors and either allow or prevent them from influencing 2D materials is critical
to 2D material research.
This thesis will focus on our understanding of factors that influence 2D material
properties, and the methods we employ to control them. Additionally, I will discuss the results of
a graphene on gold annealing experiment which shows the influence of small changes in the
underlying gold on the dI/dV spectra of graphene. Chapter 1 provides background on the major
characteristics of graphene, molybdenum disulfide (MoS₂), and black phosphorus, which are the
materials presently studied in the Hollen lab. The environmental factors that influence 2D
material properties are then discussed. Chapter 2 describes a variety of experimental methods for
2D material exfoliation, transfer, and device assembly, and explains how these methods allow
researchers to control environmental factors like substrate, contamination, and strain. This
2

chapter will also discuss the challenges I have encountered in employing these methods and the
techniques I learned to make them successful. Chapter 3 presents the results of an experiment in
which we annealed graphene on gold in vacuum. We found that the annealing technique created
more single crystalline regions in the gold morphology. The impact of disordered vs crystalline
gold on the dI/dV spectra of graphene is discussed as the reason for the diverse variety of dI/dV
spectra seen across the graphene sample.

3

Chapter 1: Background
Within the class of 2D materials are materials with a wide array of electronic and
mechanical properties. Because of this, they are impacted differently by various environmental
factors such as substrate, surface contamination, and strain. The purpose of this chapter is first to
introduce the fundamental properties of three materials that we work with in the Hollen lab:
graphene, molybdenum disulfide (MoS₂), and black phosphorus. Next, I will discuss how the
environmental factors of substrate, surface contamination, strain, and suspension impact material
properties. I will provide examples of how some of these environmental factors can be a
detriment to studying the material when they are applied accidentally, and also how they have
been applied purposefully for research purposes or to create devices.

1.a Graphene
Graphene was first isolated by Novoselov and Geim in 2004, earning them the Nobel
Prize in 2010. (19) It was first isolated by mechanical exfoliation from bulk highly oriented
pyrolytic graphite (HOPG) using scotch tape. Graphene is a single atom thick sheet of carbon
atoms arranged in a honeycomb pattern. From graphene’s unique 2D atomic structure arise
valence and conduction bands that meet at a Dirac point, making the material a semimetal. (28)
The local density of states (LDOS) forms a symmetrical V shape around the Dirac point. This
unusual band structure, which is shown in Figure 1.1, gives graphene outstanding electronic
properties such as high electron mobility up to 200,000 cm²/Vs. (30) Graphene is also very
strong and flexible, with a Young’s modulus of 1 TPa. Graphene also has high thermal
4

conductivity between 2000 and 4000 W/mK, and it is transparent. (31, 32) All of these properties
make graphene interesting both for research and for use in industry in applications like electrodes
and touch screens. (33) Additionally, from the isolation of 2D graphene the new field of 2D
material research was born, and many more 2D materials have been identified since.

1.b Black phosophorus
Black phosphorus is an allotrope of phosphorus with atoms arranged in a pleated
honeycomb pattern. Like graphite, black phosphorus can be exfoliated down to a single
monolayer. Bulk black phosphorus has a band gap of 0.3 eV, but as layer numbers decrease
toward a single layer, the band gap increases to 2 eV. This electronic tunability makes few and
monolayer black phosphorus a good candidate for many electronics applications, particularly for
switches. (20). However, unlike graphene, monolayer black phosphorus is highly unstable in air
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and when left in ambient environment will quickly degrade due to light induced oxidation
reactions. (34) This presents a special challenge to working with black phosphorus, since it can
only be manipulated and studied in an oxygen free environment. To study it in air, some
processing must be done to protect, like capping it with another layer of material such as
hexagonal boron nitride (hBN). (35)

1.c Molybdenum disulfide
Molybdenum disulfide (MoS₂) is a transition metal dichalcogenide (TMDC). TMDCs are
composed of layers held together by van der Waals forces, similarly to graphite, which makes
this class of materials candidates for exfoliation down to monolayer. Monolayer MoS₂ is one of
the most widely studied 2D materials because it is stable in air in its 2D form and is a
semiconductor. Like graphene and black phosphorus, its electronic properties are dependent on
the number of layers. Bulk MoS₂ has an indirect band gap of 1.23 eV, and monolayer MoS₂ has a
direct band gap of 1.87 eV. Because 2D MoS₂ is a semiconductor, it is a good candidate for
many industrial semiconductor applications. (27)

1.d Surface contaminants
Because 2D materials are only one atomic layer thick, any contamination on the surface
impacts the material properties significantly. Metals and molecules can be added to 2D materials
in order to tune the optical properties, electronic properties, or spin polarization of a 2D material.
(7, 8, 9). One study by Wu et al showed that graphene can be n-doped or p-doped by adding
different quantities of gold nanoparticles to the graphene surface. In low amounts, gold
6

nanoparticles deposited on graphene surface caused n-doping, but as the gold nanoparticles
began to form a continuous film, the graphene became p-doped. This type of change allows for
tuning of device electronic properties, which can be interesting for research purposes and also
allows for modification of device properties for use in the semiconductor industry. (24) Like
metals, molecules on the surface of a 2D material can also change the electronic structure. This
makes 2D materials a good candidate for gas sensing devices. The change to the 2D material
electronic behavior caused by the gas molecule can be measured as a change in field effect
transistor (FET) conductance and indicate the presence of a particular gas molecule in the
environment. (21)
While surface adsorbates such as metals and molecules are useful for tuning device
properties, surface contamination is also often an unwanted outcome of insufficient cleaning
after processing such as flake transfer or device manufacturing. Flake transfer and some device
assembly methods often use sticky polymers like polydimethylsiloxane (PDMS) that can be hard
to completely remove. It has been shown that residue of PDMS causes changes in the
photoluminescence (PL) and Raman spectra of 2D materials. (11) Further surface contamination
can result from complex, multi-step device manufacturing processes such as lithography.
Lithography introduces different resists, solvents, and metals at different stages, increasing the
risk of contamination from any of these sources at multiple steps during the process. As
discussed in the last paragraph, chemicals and metals on a material surface can dope or change
the conductance of a 2D material. Because 2D material properties are so easily changed by
surface contamination, rigorous cleaning is a crucial part of 2D material and device fabrication.
In multi-step processes like lithography, the sample must be cleaned well between steps to avoid
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all contamination. Additionally, 2D materials are best studied in vacuum where the risk of
contamination from the air impacting their properties is lowest.

1.e Substrate
The type of substrate a 2D material sits on impacts its properties as significantly as
contaminants on the surface, and for the same reason: 2D materials have significant surface area
compared to their size and are therefore easily influenced by what contacts their surface. 2D
materials are often doped by non-insulating substrates due to charge transfer between the
material and substrate. (11, 29) Graphene is a ready example of how a substrate can impact 2D
material properties because its electronic structure is changed by its common growth substrates,
two of which are copper and silicon carbide (SiC). In order to study the graphene’s electronic
structure, the grown graphene must be moved to an insulating substrate because the properties of
copper and SiC change the electronic structure of graphene. In the case of graphene on SiC,
dangling bonds in the SiC bind with the first layer of carbon atoms on top of which graphene is
grown. This bonding in the first carbon layer breaks the symmetry of subsequent graphene layers
and causes band gap opening and n-doping. (17, 18) A copper substrate causes n-doping in
graphene via charge transfer with the graphene. (22) A common choice for insulating substrate is
Si/SiO₂, which is a substrate of mostly silicon with a thin layer, usually around 300 nm, of
silicon oxide on top. This silicon oxide layer provides two benefits: it isolates the material on top
from semiconducting silicon and it creates an optical contrast that allows monolayers to be seen
in an optical microscope. (62) In addition to doping, electronic features from a substrate can
sometimes be seen in 2D materials. For example, Au(111) shows a peak in its density of states
around -400 mV which is due to a Shockley surface state. The Shockley surface state has been
8

shown experimentally to exist in graphene on Au(111), seen as modulations in dI/dV maps due
to scattering of nearly free electrons that reside in the Shockley surface state. (38) This behavior
is shown in Figure 1.2 B. Additionally, the calculated LDOS spectrum of graphene on Au(111)
shows a dip in the spectrum around -0.25 V due to the gold surface state is shown in Figure 1.2
A.

Substrates can also cause screening in 2D materials. (12) An example of this impacting
device behavior is in a twisted bilayer graphene (tBLG) FET. If the gate is not effectively
isolated from the tBLG, the unique insulating states seen in tBLG caused by Coulomb
interactions cannot be seen due to screening from electrons in the gate. (13)
The solution to unwanted influence of the substrate on a 2D material is to use an
insulating material that will not change the electronic structure of the 2D material. The most
common choice for substrate is Si with a layer of insulating SiO₂ on top. However, even
insulating substrates can impact 2D material properties. Charged impurities in the substrate can
9

act as electron scattering sites and lower the electron mobility of material on top of it. (23)
Beyond electronic interference from substrates, a rough or bumpy substrate can induce strain in a
2D material, which can also significantly impact the material properties.

1.f Strain
Strained materials experience sufficient external force to change the locations of atoms in
the material, which changes optical and electrical properties of the material. (36, 14) Two
dimensional materials are good candidates for application of strain because they are thin enough
to be easily manipulated and many 2D materials many are flexible enough to withstand
considerable strain without breaking. (37) Applying strain is of interest to researchers because it
is a way to tune a material’s properties. For example, in many transition metal dichalcogenides
(TMDCs), strain causes changes in the band gap. Guzman et al predict considerable changes in
band gap for multiple monolayer TMDCs with biaxial strain between -5% and 5% as shown in
Figure 1.3 below. (14) Strain can also cause a phase change in many TMDCs from
semiconducting 2H phase to the metallic 1T phase. (15) Graphene can also be strained to cause
band gap opening at about 20% strain.
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However, the high levels of strain often predicted to be necessary to induce considerable
band gap change or phase change are often at or exceed the limits of strain that it has been
possible to induce experimentally thus far. This is because of imperfect strain transfer efficiency
between substrates and 2D materials – the 2D material may slip on top of a substrate rather than
changing size or bending with it. (25)
Strain can be induced accidentally when using transfer techniques that inadvertently
strain a material, but often strain is applied to 2D materials purposely by using flexible or bumpy
substrates in order to study the strain effects. (11) Li et al induced 1.5% strain in MoS₂ by using
a bendable polyvinyl alcohol (PVA) substrate and simply bending the substrate to apply strain to
the MoS₂. This amount of strain is on the high end of strain that has been shown experimentally
and is much higher than strain that has been induced using other bendable substrates such as
PDMS. This is thanks to higher strain transfer efficiency between PVA and the monolayer
11

compared to other polymers. (25) Another way strain can be induced is by using substrates with
different thermal coefficients of expansion from the 2D material that are heated or cooled to
apply the desired compressive or tensile strain. Ahn et al achieved up to 1% tensile and 0.2%
compressive strain by growing WSe2 via chemical vapor deposition (CVD) on substrates with
mismatched thermal coefficients of expansion, so that once the monolayers were grown and the
samples cooled to room temperature the monolayers were already strained. (26) Another
example of a strain-inducing substrate is anodic aluminium oxide (AAO) which has a surface of
nanometer scale hills and nanopores that can be seen in the AFM image in Figure 1.4 below
which shows AAO with an MoS₂ monolayer on top of it. A 2D material placed on AAO will be
stretched out and strained over the hills but will likely be unstrained in the valleys created over
the nanopores, leading to a variable strain landscape which can lead to a variable electronic
landscape. (63)
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1.g Suspended materials
By suspending a material, researchers can probe its electrical properties without impact
from the substrate. Materials can be suspended between supports such as islands of another
material like gold, Si pillars, canyons made in a substrate using lithography, and many more. (54,
56) Even insulating substrates like Si/SiO₂ impact graphene properties because they contain
charge impurities that can scatter electrons. Therefore, a suspended material such as suspended
graphene has a significantly higher electron mobility than graphene on a substrate, reaching
250,000 cm²/Vs, compared with electron mobility as high as 15,000 cm²/Vs for graphene devices
on a substrate. In addition to increased electron mobility, suspended graphene exhibits increased
thermal conductivity, from about 600 W/mK for graphene on a substrate to 2000 to 5000 W/mK
for suspended graphene. (16)
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Chapter 2: Methods
The two major steps in making 2D material devices are exfoliation or growth of 2D
materials and device fabrication. This chapter details methods used in exfoliation and device
fabrication. I first discuss methods to exfoliate large area graphene flakes and even larger areas
of monolayer transition metal dichalcogenides (TMDCs). I then discuss methods for device
creation, including photolithography methods to produce devices made from CVD grown
graphene, transfer station methods to create flake devices, material transfer onto SiC membrane
substrates, and tethering to produce ultra clean 2D material devices. I have found that successful
exfoliation and device creation is often surprisingly challenging and requires practice, patience,
and perseverance. In addition to discussing the methods I have employed as they are described in
literature, I will discuss my experiences putting them into practice and how my methods differed
from those I learned from.

2a. Exfoliation methods
2.a.i Large area graphene exfoliation
Scotch tape exfoliation of highly oriented pyrolytic graphite (HOPG) is the first way
graphene was produced and is still a standard method for producing graphene flakes. (42)
Variations on this method increase the likelihood of producing large area monolayer regions.
One such variation that I have employed is described in a paper by Huan et al. In this method,
bulk graphite is exfoliated from bulk HOPG using scotch tape and is placed onto SiO₂ that has
been oxygen plasma cleaned. Instead of immediately peeling the graphite on tape from the SiO₂
14

substrate, the substrate with graphite and tape on top is heated to 100° C for 2 or 3 minutes on a
hot plate. After heating, the sample is allowed to cool to room temperature before the tape is
slowly peeled off of the substrate. (39)
Our lab has successfully produced many large area graphene flakes following this
method, an example of which is shown in Figure 2.1 below. I usually find between 1 and 3
monolayer graphene flakes with a large size of 10 nm to 30 nm per exfoliation. In our lab, we
perform this method without first oxygen plasma cleaning the substrate because we didn’t have
easy access to a plasma cleaner. Although oxygen plasma cleaning may lead to higher quantities
or larger area graphene regions, it is good to know that even without oxygen plasma cleaning this
method still provides an improved yield over exfoliating without heating.

15

2.a.ii Gold assisted exfoliation
The gold assisted exfoliation method can produce macroscopically large monolayers a
few millimeters wide, but only works for transition metal dichalcogenides (TMDCs). We first
learned about this method from Dr. Fang Liu when she gave a seminar at UNH and generously
gave us some impressively large area monolayer MoS₂ samples that were made with this method.
The steps of this method are described in a paper by Desai et al as follows and shown in Figure
2.2.
First, 100 to 150 nm of gold is evaporated onto a bulk TMDC crystal. A piece of thermal
release tape is then placed on top of the gold and TMDC and peeled off. When the thermal
release tape is peeled off, it will bring with it the gold and a monolayer of TMDC. The thermal
release tape, gold, and TMDC are then placed onto the target substrate and released by heating
on a hot plate. It is then recommended to oxygen plasma clean the sample to remove tape residue
from the gold. The sample is then placed in a potassium iodide and iodine wet etch to etch away
the gold, which takes about 4 minutes. The sample is then cleaned with a 10 minute acetone bath
and isopropyl alcohol (IPA) rinse to remove any residues. (40)

16

According to Desai et al, this method works because the interaction of the surface layer
of the TMDC with the gold is stronger than the interaction of the surface layer with the rest of
the bulk. Therefore, when the gold is lifted off the sample, just the surface monolayer goes along
with it. (40)
We have followed this method to produce large area MoSe₂ with good success, the
optical images of which are shown in Figure 2.4 A. One difference between our method and the
method as described by Desai et al is that we do not perform an oxygen plasma clean after
releasing the gold and TMDC onto the substrate. This is because we do not have easy access to
an oxygen plasma cleaner. AFM images of our sample have shown that they are quite dirty, to
the point that it is hard to measure their height, as is shown in Figure 2.3. It is possible that
skipping this oxygen plasma etch step to remove tape residue is causing our TMDC samples to
become covered in tape residue which is the contamination we see in the AFM images.
However, the Raman spectra on a sample exfoliated this way showed no unexpected peaks that
17

would indicate the presence of contamination on the sample, so either the tape residue does not
impact Raman spectra or we happened to take Raman data on clean parts of the TMDC.

With this method we have successfully transferred onto Si/SiO₂ substrates. We have also
tried this method to transfer material onto AAO, a substrate consisting of nanometer scale hills
and valleys discussed in Chapter 1 (Background), but the TMDC and gold remained stuck to the
thermal release tape after it was released instead of adhering to the AAO. It is possible that the
bumpiness of the AAO prevents the monolayer from adhering to it using this method, but this
needs further investigation.
We have also found that it is easy to exfoliate bulk TMDC rather than monolayers with
this method if one is not careful about the placement of the thermal release tape on top of the
gold on bulk TMDC. The best place to put the thermal release tape to exfoliate monolayers is in
the center of the TMDC, away from the edges or large steps in the material. When the thermal
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release tape is placed on or over an edge, where there are many layers of material exposed, we
almost always only exfoliate bulk material. We believe this is because the thermal release tape
attaches to multiple layers exposed on the edge and pulls them all up with it rather than just the
topmost monolayer.
Figure 2.4 shows a large area MoSe₂ region we exfoliated using this technique. The
darker blue regions are monolayer, as confirmed by the Raman spectrum included to the right.
The Raman data in Figure 2.4 show three signatures of monolayer MoSe₂. (43) The red line,
taken on bulk material, shows a peak around 240 cm⁻¹. In the blue line, which was taken on the
monolayer region, this peak shows significantly increased intensity and the peak is also
redshifted from 240.8 cm⁻¹ in the bulk to 238.5 cm⁻¹ in the monolayer region. In addition to this,
in the thin layer spectrum we see the emergence of a small peak around 285 cm⁻¹, which is seen
in both bilayer and monolayer MoSe₂ but is most distinct in monolayer. This shift of 2.3 cm⁻¹
and the emergence of the peak at 285 cm⁻¹ is consistent with literature descriptions of the Raman
spectrum of monolayer MoSe₂. (43)

19

Once a 2D material has been isolated, we may want to study it by making it into a FET. Methods
for 2D material fabrication are described in the next sections.

2.b Photolithography devices
Both e-beam and photolithography are widely used in industrial semiconductor
manufacturing and in labs to make devices such as FETs. (47) They are tried and true, reliable
method to make semiconductor, and now 2D material, devices but requires a considerable
amount of time, chemicals, and equipment. We have done photolithography at the CORE
Microfabrication cleanroom at the University of Maine to create CVD graphene FETs. Our
method is derived mostly from descriptions of CVD graphene FETs made by e-beam lithography
in the dissertation of Justin Young of Ezekiel Johnston Halperin’s group at the University of
Ohio. (45) E-beam lithography and photolithography share the same overall steps, but e-beam
lithography uses a SEM electron beam to create patterns in resists and photolithography uses UV
light to create patterns in resists. Due to this difference, the resists used in each process are
different, as they must be sensitive to electron beam or UV light respectively, and the developers
and lift off agents must be appropriate for the resists. These differences are somewhat minor to
the overall process, so the e-beam guide provided a good model to apply to photolithography.
The steps of lithography adapted from in Appendix A of Justin Young’s thesis are as follows.
The first step is to cleave purchased CVD graphene on Si/SiO₂ into 4 smaller squares to
make as many devices as possible. Before cleaving, the graphene is coated in PMMA to protect
it from dust and scratches. After this, the lithography can begin. The first portion of the
lithography process serves to create gold contacts. First, positive photoresists are deposited onto
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the samples via spin coating. Positive photoresists undergo a chemical change when exposed to
UV light that cause them to be removed when the sample is developed. In this step the sample is
selectively exposed to UV light so that only the areas where the contacts will go are exposed to
UV light. This is done by applying UV light through a mask. A mask looks and feels like a small
pane of glass, but it is mostly black rather than transparent. Most of the mask is impenetrable to
UV light, but it contains small patterns made of material through which UV light can pass. These
patterns were designed in CAD by Jake Riffle, my coworker in the Hollen lab, and made by
University of Maine cleanroom staff by an etching process. A pattern designed to allow UV light
to pass where the contacts will be and nowhere else is aligned over the sample and then UV is
applied to pattern the resist. When the sample is developed, the positive resist is removed where
the contacts will be placed. A sticking layer of 5 nm chromium and 50 to 100 nm of gold are
then deposited to create the contacts. The samples are then put in a bath of liftoff agent to
remove the photoresists. This liftoff takes quite a long time, so the samples are left in the liftoff
bath overnight. When the liftoff is complete, the excess graphene must be removed from around
the contacts. First, negative resist is spin coated onto the sample. Negative photoresists resists
undergo a chemical change when exposed to UV light that causes them to stay on the sample
when developed, while areas that were not exposed are removed. Therefore a mask that allows
the graphene bar location and the location of the new gold contacts to be exposed to UV light is
used between the sample and light during UV light exposure. When developed, the areas of
photoresist around the graphene bar and gold contacts where UV light did not touch are
removed. The sample is then oxygen plasma cleaned to remove the excess graphene surrounding
the contacts. The sample is then placed in another lift off bath to remove the negative resist. This
liftoff only takes about an hour. After liftoff, the samples are cleaned in IPA and DI water baths
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and dried with a nitrogen gun. Figure 2.5 A below shows a graphene bar device made using
photolithography at the cleanroom at the University of Maine. Also in Figure 2.5 B is a
schematic of the device geometry.
We have experienced some trouble creating working graphene devices at the University
of Maine. On a few samples, the first liftoff bath to remove the positive resist did not remove the
resist at all. The reason for this is unclear, but it ruins the samples when this happens. Even when
all the steps go according to plan and the device looks good, the IV curves from the device are
not consistent with what we would expect from a graphene device. For this reason we believe
there is some contamination on the graphene surface from the processing despite numerous
cleaning steps throughout. The high cost of using the University of Maine cleanroom facilities
has prevented us from returning for further troubleshooting.
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2.c. Flake transfer methods
2D materials often need to be moved or modified so that we can study them. Many grown
materials, such as graphene on copper, are grown on substrates that impact their electronic
properties, and must be transferred to an insulating substrate like Si/SiO₂. It is also very common
to study transport in 2D materials by turning them into a field effect transistor (FET). One simple
way to build a 2D material FET is to transfer a 2D material on top of pre-patterned contacts. Two
methods for flake transfer using polymers are discussed in sections 2.c.i and 2.c.ii. In addition to
creating devices, flake transfer methods can also be used to create heterostructures, which is
discussed in section 2.c.iii. 2D material heterostructures open up a host of possibilities, like using
insulating hBN to isolate another 2D material or using hBN to cap and protect a 2D material that
is unstable in air. It is also possible to build a heterostructure that exhibits a novel physical
system, like in the case of twisted bilayer graphene. These uses are discussed in Chapter 1
(Background). Due to the very small scale of the flakes being transferred, we perform polymer
assisted transfer methods using a transfer station, pictured in Figure 2.6 below. To the left is an
image showing the transfer apparatus and the microscope over the transfer stage. The microscope
view is sent to the computer monitor to the right which allows the user to comfortably view the
transfer on the monitor as it is performed rather than looking into a microscope. To the right is a
close up image of the transfer apparatus with the parts labelled. The sample is placed on the area
labelled “sample stage” and held in place by a small hole the pulls vacuum on the back of the
sample. The glass slide containing the polymers used for the transfer are held in the area labelled
“glass slide holder”. The two knobs labelled “X-Y control of only glass slide holder” enable the
user to control the x and y movement of the glass slide and whatever is on it. The two knobs
below these, labelled “X-Y control of glass slide holder and sample stage” allow the user to
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control the x and y movement of the entire transfer stage apparatus, which is used to change what
is seen by the microscope. On the right side of the transfer apparatus is a small knob labelled
“sample stage z control”. This allows the user to raise and lower the sample stage.

2.c.i PDMS Only
A dry transfer method using only the polymer PDMS is described in a work by
Castellanos-Gomez et al. (41) The steps for their flake transfer method are as follows and shown
in Figure 2.7. First, a stamp of Gelfilm, a commercially available PDMS film made by Gelpak, is
adhered to a glass slide. Bulk material is then exfoliated onto Nitto tape, which is another type of
tape besides Scotch tape that is commonly used to exfoliate 2D materials. Flakes are deposited
onto the Gelfilm by applying the material on tape to the surface of the Gelfilm. The Gelfilm is
then inspected to find desirable flakes for transfer. The paper notes that the optical contrast of
monolayers on the transparent Gelfilm makes it very difficult to find and identify low layer
flakes. They therefore recommend using transmission mode microscopy or Raman to determine
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flake thickness. Once a suitable flake has been found, the flake is transferred by pressing the
flake on Gelfilm down onto the substrate and slowly lifting the Gelfilm off. This works to
transfer the flake because when a viscoelastic material such as Gelfilm is moved quickly, it acts
as a solid, but when it is moved slowly, it acts as a liquid. Removing the Gelfilm slowly allows
the flake to be released. (41)
In our lab, we follow this transfer method with some variations. Instead of buying
Gelfilm, we make our own PDMS films. PDMS films are made by combining a 10:1 ratio of
Sylgard silicone elastomer base and Sylgard silicone elastomer curing agent, mixing thoroughly,
pouring a thin layer into a petri dish to create a thin film. The mixture is put under vacuum in a
dry box to cure and set. Curing in vacuum pulls the many bubbles that are created during mixing
out of the polymer so the result is a bubble free thin film of PDMS. To perform this transfer
technique, a small (~0.5 mm by 0.5 mm) square of PDMS is cut out of the large PDMS film and
placed on a glass slide. As described in the paper by Castellanos-Gomez et al, we use Nitto tape
to transfer flakes onto the PDMS stamp. I have learned from experience that Nitto tape is
preferable to Scotch tape for this exfoliation because Nitto tape easily peels off of PDMS,
whereas Scotch tape gets stuck to the PDMS and can ruin the stamp. As noted by CastellanosGomez et al, I have found that it is very difficult to see thin flakes on the PDMS. I have not
actually had any success transferring monolayer flakes with this method. It is difficult to know
whether this is because I am unable to see monolayer flakes without transmission mode
microscopy as recommended by Castellanos-Gomez et al, or because monolayer flakes are not
being transferred onto our PDMS. Since the elasticity of PDMS depends on the ratio of the two
constituent materials it is made with, it is possible that our homemade PDMS has a different
consistency from Gelfilm that is not ideal for exfoliating monolayers. A possible way to improve
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the implementation of this method in our lab could be to try using Gelfilm. Another idea could
be to do Raman mapping on PDMS with exfoliated flakes to see if there are any monolayers or
thin films on the PDMS after exfoliation that are invisible to us.
One other disadvantage to this method is that, in my experience, PDMS loses its
stickiness after some time and does not work well for transferring. This is probably due to water
and dirt buildup on the surface. The lifetime of PDMS can be lengthened by storing it in a dry
box, but it still needs to be replaced once every few weeks to work for the PDMS transfer
method.
Since any polymer, including PDMS, can leave behind some residue, the sample should
be cleaned by soaking in acetone, then isopropyl alcohol (IPA), then deionized (DI) water. It is
important to clean by soaking rather than rinsing because rinsing can wash away the flakes. The
advantage of this PDMS only method is that it introduces minimal residue and it is a quick and
simple transfer method to perform once a flake is found.
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2.c.ii. PC and PDMS transfer method
The PDMS only method requires flakes to be exfoliated directly onto PDMS in order to
transfer to a substrate. With the polycarbonate (PC) and PDMS method, flakes that have been
exfoliated onto a substrate can be picked up and moved to another substrate or used to pick up
more flakes to create a heterostructure. Being able to select a flake for transfer that is on an
Si/SiO₂ substrate makes it easier to know the thickness and exact size of a graphene flake since
even monolayer graphene is visible on SiO₂ and flake thickness can be judged from the flake
color. Our lab first learned this method from training with Roland Kawakami’s group at Ohio
State University. The steps of this method as described in the work by Purdie et al (46) follow in
the next paragraph.
Since Purdie et al use this method to create hBN and graphene heterostructures, the first
step is to exfoliate hBN and graphene flakes onto Si/SiO₂ and identify suitable flakes via optical
microscopy and Raman spectroscopy. The then attach a polymer stack consisting of a PC film on
top of a PDMS square to a glass slide. This PC/PDMS stamp is then positioned above the flake
that is to be picked up. The Si/SiO₂ substrate containing the flakes is heated to 40° C and the PC
is placed in contact with the selected flake, then slowly withdrawn. The flake becomes adhered
to the PC and is lifted off the Si/SiO₂ substrate. Temperature of 40° C allows flakes to be picked
up by the PC 100% of the time, whereas there is only a 90% rate of pick up at room temperature.
This flake can then be used to pick up another flake by aligning the flake on PC with a flake on
Si/SiO₂ and repeating the contact and withdraw steps. Once the user is ready, the flake or stack
of flakes can be set down on a final substrate. This is done by heating a Si/SiO₂ substrate to 180
degrees and tilting the stage containing the target substrate 1 degree. The flake/PC/PDMS stack
is then lowered to partially contact the target substrate. As the PDMS heats, it is able to flow and
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pushes the rest of the PC into contact with the substrate, thereby “laminating” the flake onto the
substrate and pushing out any bubbles or contaminants that are between the flakes or the flake
and substrate. At 180 C, the PC melts onto the target substrate and detaches from the PDMS
square. The PC is removed from the sample by rinsing in chloroform for about 10 minutes. (46)
In our lab we follow a very similar method to the one described by Purdie et al, the steps
of which are shown in Figure 2.8. We typically use this method to place 2D materials on top of
gold contacts to create a FET. The only differences between our method and the method as
described by Purdie et al are in the temperatures we use because we use the temperatures we
learned from the method at OSU. During the flake pick up step, the sample is heated to 75° C,
then cooled down to 30° C and the PDMS/PC stack is peeled back from the sample. To adhere
the flake and PC to the target substrate, we heat the substrate to 195 °C.
One more difference is that the Purdie et al steps call for a chloroform rinse to remove
PC, but we have found that rinsing a substrate with flakes that are on gold contacts almost
always washes away the flake that has been transferred. Even flakes that are on Si/SiO₂ have
been washed away with rinsing at times. For this reason we do a chloroform soak rather than a
rinse to remove the PC to decrease the likelihood of removing the newly transferred flake. Even
with this modification, flakes that have been transferred to gold contacts often disappear during
the chloroform soak step. It is possible that this is because the flake is partially suspended
between the gold contacts, which are about 50 nm high, and liquid gets underneath the flake and
pushes it off the contacts. It is also possible that the gold contacts still contain some residue from
the processing used to create them which prevents the flake from adhering well to the gold, so it
is easily removed. Possible ways to prevent the flake from falling off the contact could be to try a
quick, low power oxygen plasma etch to clean the gold contacts, but being careful not to etch so
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powerfully that the contacts are etched away. Another idea is to create contacts that are less than
50 nm tall so that the graphene will adhere well to the substrate in addition to the contacts and
will be harder to wash away.
One advantage of this method is that it begins with picking up flakes on Si/SiO₂, and I
have found it much easier to exfoliate large area thin flakes onto Si/SiO₂ than to exfoliate them
onto PDMS directly. Also, on Si/SiO₂, the thickness of the flake can be reliably approximated
based on the color of the flake on the substrate. However, this method introduces more residue
than the PDMS only method because the PC is melted into the sample which makes it harder to
completely remove. Also, the PC removal soak presents the risk of washing away the flake if it is
on gold contacts rather than a flat surface like Si/SiO₂. This method also takes a bit more time
than the PDMS only transfer method, but not by too much, and from my perspective it is time
well spent since I have found this method more reliable than the PDMS only method.
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2.c.iii Heterostructures
The PC/PDMS transfer method can be used to build heterostructures. This method is
described in Purdie et al (46) with the goal of making a hBN/graphene/hBN heterostructure to
fully encapsulate graphene in hBN. Picking up multiple flakes is briefly mentioned in the
description of the PC/PDMS method in section 2.c.ii, but not fully described. In the steps by
Purdie et al, picking up a flake with a flake that is already on the PC/PDMS stack is very similar
to picking up the first flake. The flake on PC/PDMS is aligned over the next flake to be picked
up and the flakes are brought into contact with the substrate still at 40° C. The PC/PDMS stack is
again withdrawn and the flake that was on the substrate is now attached to the flake on the
PC/PDMS. Subsequent flakes can be picked up with the same steps. (46)
In our lab we successfully created a graphene/hBN stack using this method, shown in
Figure 2.9 below. The difference between the Purdie et al method and the method used in our lab
is different temperatures, as described in the PC/PDMS section above. I found this method
straightforward and ran into no trouble executing it.
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2.d. Material transfer onto silicon nitride membranes
In our lab we have transferred 2D materials onto substrates with areas of silicon nitride
(SiN) membrane (purchased from SiMPore) to create suspended regions of 2D materials over the
small pores in the membrane. However, dealing with these very delicate membranes during
transfer processes presented a unique set of challenges. I first tried the PC/PDMS method
described in section 2.c.ii of this chapter to try transferring a graphene flake onto the SiN
membrane. I quickly discovered that SiN membranes tear easily during normal transfer station
transfer methods due to pressure and pulling from polymers being set down on and lifted off
them. After ruining a few membranes, it was time to try a different approach. We purchased easy
transfer graphene from Graphenea so we could try the simple wet transfer method needed to
place easy transfer graphene. Easy transfer graphene consists of a layer of graphene adhered to
paper with a water release polymer on one side and another polymer layer on the other side. A
cartoon of this structure is shown in Figure 2.10, where the steps for putting easy transfer
graphene on SiN membranes are also shown.

31

To use the easy transfer graphene, the graphene on paper is submerged in a water bath to
dissolve the water soluble polymer and release the graphene from the paper. The paper is
removed and the graphene is scooped out of the water using the desired substrate. The top
polymer layer is then removed by soaking in acetone and IPA. Using a substrate with SiN
membranes complicates this process slightly because if this substrate is held parallel to the
surface of the water and submerged, the water will tear through and destroy the membranes, as
described in the informational package provided with the SiN membranes. Therefore, to
submerge this substrate, it must be held perpendicularly to the surface of the water when it is
submerged, and the substrate must be held very still in the water to prevent membrane tearing.
This is best done using a stand with a clamp to hold the substrate rather than having a person
hold it to keep the substrate as still as possible in the water. Since the substrate will be lowered
into and raised out of the water, the stand should sit on a lift platform that can be smoothly
lowered up and down. To transfer the graphene onto a substrate held perpendicular to the surface
of the water, the substrate should be submerged with just the top of the substrate sticking out of
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the water. The graphene/top polymer stack should be dragged over to and contacted with the top
of the substrate. The substrate can then be raised out of the water and the graphene/top polymer
will adhere to the substrate as it is lifted. Normal easy transfer processing steps can then be
followed. The sample is air dried and stored in vacuum for 24 hours before use. The top polymer
is then removed by soaking in acetone at 50° C for 1 hour and then soaking in IPA for 1 hour.
The sample should then be briefly soaked in water to clean. These soaks must also be done with
the substrate suspended perpendicularly in the liquid to prevent membrane tearing. Figure 2.11 A
below shows easy transfer graphene on a SiN membrane prepared using this method. The Raman
spectra on the graphene on SiN (Figure 2.11 B blue line) shows small peaks corresponding to the
1550 cm⁻¹ and 2700 cm⁻¹, but there is a very large background which appears to be due to the
SiN spectrum (red line). The peaks between 1400 cm⁻¹ and 1600 cm⁻¹ in the Raman spectrum of
the sample plate are not seen in the spectra of bare SiN or of graphene on SiN, indicating that the
sample plate is likely not interfering with either of these spectra even though the SiN contains
nanopores.
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2e. Tethering
Tethering is an ultraclean method for making devices invented in our group. Tethering
places contacts on an as-exfoliated flakes without moving them to another substrate and does not
require solvents or polymers. Tethering refers to making contacts by attaching, or “tethering”,
indium contacts to a flake, which are then attached to a gold wire. The result of this process is
shown in Figure 2.13. This method begins with an exfoliated flake of the desired material or a
region of CVD grown material surrounded by bare substrate. Next, an indium contact is made
using the steps shown in Figure 2.12 and described here. An indium contact is made by first
dipping a gold wire into indium at about 165° C, at which temperature the indium is liquid. The
gold wire to be dipped should be bent to about a 30 to 45 degree angle from the stage holding the
indium, so that the eventual indium tip will also be angled like this. The gold wire is then dipped
into the liquid indium quickly pulled out. As the gold wire is pulled, a column of indium attached
to the gold wire is also pulled out of the bulk indium. The circumference of the indium wire
tapers as it is pulled from the bulk until it breaks free. This creates a long conical indium tip at
the end of the gold wire. The width of the end of a good tip ranges from 2 um to 5 um. This
small size allows contact to be made with smaller flakes, as small as 10 um.
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The indium tip is attached to a graphene flake by heating a substrate containing a
graphene flake to the melting point of indium, about 165° C, and contacting the end of the
indium tip to the desired place on the graphene flake and cooling down to room temperature. If
the gold wire becomes detached from the indium tip after this process it can be easily reattached
using more indium to adhere the gold wire to the indium tip. Two indium tips can be placed
down on opposite ends of a flake to create a 2D material field effect transistor. This method
preserves the integrity of the 2D material by keeping it clean and not causing tearing. It also has
the big advantage of being applicable to air sensitive 2D materials since it can be done using a
transfer station in a glove box since it does not require solvents. One challenge of this method is
that it requires good, sharp indium tips, which can be hard to make, especially when first
learning. Another challenge lies in the fact that the scale of this process is very small and even
the slightest bump or movement while landing the indium tip on the flake can result in the
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indium tip melting onto the wrong location, which can be difficult or impossible to correct. One
particular challenge I have found in our lab is that our transfer station shakes a lot when heated to
the temperature necessary to melt indium. This shaking makes it very hard to land on a tip on
flake that is only 10 or 20 um long. If this shaking could be corrected it would be much easier to
create a device using this method. I have not yet created a conductive device using two tethers on
a flake, but I hope someone will pick up where I left off and do it.

2f. Analysis methods
2.f.i Atomic force microscopy
The atomic force microscopy (AFM) images in this work were taken on a Veeco
Multimode Nanoscope III belonging to Dr. Gross of the Mechanical Engineering and Materials
Science departments at UNH. AFM is an imaging technique that uses atomic forces between an
atomically sharp tip on a cantilever and a material to create a topographical map of the surface.
We typically use tapping mode AFM to take images of a sample, which means that the cantilever
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oscillates over the surface of the sample at its resonance frequency and gently taps the sample as
it images. The small forces between the tip and the sample are used to maintain a feedback loop
that maintains the oscillation amplitude. As the tip moves over the surface, the tip is deflected as
it moves over steps and foreign materials on the surface. This deflection is detected using a laser
and photodetector that measures the deflection of the cantilever. This information is combined to
create a topographical map of the surface. AFM is a useful tool for investigating the surface
roughness of a material, assessing the level of contamination on the sample, and measuring the
height of a thin film of material. In some highly sensitive systems, atoms can even be imaged by
AFM. (48)

2.f.ii Raman spectroscopy
I have characterized many samples in this work using a NT-MDT NTEGRA Spectra II
Raman microscope belonging to Dr. Kim of the Chemical Engineering department at UNH.
Raman spectroscopy uses Raman scattering to create a unique Raman shift spectrum that can be
used to identify the material being studied. This is done by first shining a laser at the sample.
Most of the scattered light coming off the sample will be the same wavelength as the incoming
light, which is called Rayleigh scattering. However, some scattered light will have a diminished
energy compared to the incoming light, which is called Stokes-Raman scattering. This reduction
in energy of the scattered light is caused when some of the energy from the incoming photon is
absorbed to cause an excited vibrational state in the material. The difference between the
incident photon energy and the energy of the photon produced by Stokes-Raman scattering is
called the Raman shift. Raman shift energies are unique to each material because the excited
vibrational states of different materials absorb different amounts of energy. Raman spectroscopy
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produces a spectrum of counts of photon scattering across a range of Raman shifts. Peaks in the
Raman spectrum can be used to identify a material, and unexpected peaks can indicate the
presence of contaminants. Additionally, for many materials the characteristic Raman shift
energies change as the material thickness approaches one atomic layer, so Raman spectroscopy
can be used to differentiate between bulk and few layer materials and to assess the number of
layers of a thin sample. (49)

2.f.iii Scanning tunneling microscopy
Scanning tunneling microscopy (STM) is a tool for taking topographical images and
electronic measurements on a very small scale, down to the atomic level. STM works by causing
electrons to tunnel between the sample and an atom at the end of an extremely sharp tip by
applying a voltage difference between them. X, Y, and Z motion of the tip over the sample is
done using piezoelectric elements that make extremely fine movements when voltage is applied.
The tip is held at a constant height above the sample using a feedback loop that measures the
current between the tip and the sample and keeps is current constant. The current between the tip
and the sample is used to set the voltage to the Z piezo to keep the height of the tip over the
sample constant. The tip then scans over a line in the x direction and records the voltage applied
to the z piezo as a function of the voltage applied to the x piezo, thereby recording the
topography of the surface. Many of these line measurements are done to create an image of the
topography over x and y. This technique is able to image small scale topographical features like
atomic steps, defects, surface contaminants, and even atoms. A schematic of an STM tip imaging
atoms is shown in Figure 2.14 A and the topography profile that would be measured in this
situation is shown in Figure 2.14 B. Another useful piece of information that can be obtained
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using STM is dI/dV spectra, which is the slope of the current over a small voltage variation.
dI/dV spectra are of interest because they correspond to the local density of states. (59) These
spectra can also be taken while scanning builds a map of the electronic structure over an area,
which is a convenient way to see differences in the electronic landscape on a surface. (48, 58)
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Chapter 3: Graphene on gold annealing experiment
3.a Introduction
Graphene remains one of the most widely studied 2D materials. Its many interesting
properties and applications are discussed in the Chapter 1 (Background). The electron mobility
of suspended graphene is much higher than of graphene on any substrate because in suspended
graphene the electron mobility is not hampered by influences from the substrate. The ultra-high
electron mobility of suspended graphene makes it useful and an interesting subject for study.
However, suspending graphene can be a challenge. Making suspended graphene often relies on
lithographic techniques to create a substrate with indentations across which graphene can be
suspended. This extra step to create a suitable substrate is not ideal since lithography takes a
considerable amount of time and resources. A recent paper by Fonseca et al showed a novel
method for creating suspended graphene. In their experiment, they deposited 25 nm gold on top
of a Si/SiO₂ substrate, then transferred large area graphene on top of the gold on Si/SiO₂. They
then annealed the sample at 300° C for 30 minutes in an argon/hydrogen atmosphere. This
annealing step caused the gold to undergo dewetting, creating a network of gold with channels
and pores shown in Figure 3.1 below.
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Fonseca et al found that the graphene stayed on top of the gold and was suspended over
the channels and pores separating gold areas. (54) This method provides a new straightforward
and low cost way to produce suspended graphene. Another reason this sample could be
interesting in research is because it could allow researchers to tune electronic disorder across the
graphene caused by the underlying gold. Creating tunable electronic disorder in graphene is of
particular interest to our group because it could be used to tune a quantum phase transition. We
tried the method described by Fonseca et al in hopes of creating a similar sample with suspended
graphene and graphene on gold that we could study with the STM. To this end we performed
annealing inside our ultra-high vacuum (UHV) chamber in vacuum. We did not observe
evidence of dewetting in our sample and did not find evidence of suspended graphene regions.
Instead, we observed increased crystallization in the gold under graphene, creating a varied
topographical landscape of flat crystalline plateaus, steps, and disordered gold regions.
Spectroscopy data showed that the dI/dV spectra of graphene varied significantly across the
landscape. This chapter shows and discusses in more detail the different dI/dV spectra and
proposes explanations for the dI/dV differences based on the influence of the underlying gold
topography.
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3.b Sample preparation
To prepare the graphene on gold sample, we first deposited 30 nm of gold with no
sticking layer of titanium or chromium onto a clean Si/SiO₂ substrate using a thermal evaporator.
Next, we transferred easy transfer graphene from Graphenea on top of the gold on Si/SiO₂. I then
soaked the sample in acetone and IPA to remove the polymer on the easy transfer graphene, then
briefly soaked in DI water to remove any excess solvent, then dried with a nitrogen gun. After
this process the sample was ready for characterization and annealing.

3.c Experimental methods
After preparation, I characterized the graphene on gold sample using optical microscopy
and Raman spectroscopy to assess cleanliness. Figure 3.2 A below shows that the sample had
some flecks of contaminants on it but was overall clean. Figure 3.2 B shows that the Raman
spectrum of graphene on gold on SiO₂ has characteristics arising from all three materials. The
intensity of a Raman spectrum depends on how well focused the laser is on the sample, which
depends on the sample height. The different places on the sample where these spectra were taken
all have different heights due to an uneven sample plate, so they therefore have different
intensities. Although the Raman laser can be refocused, we can only refocus by eye rather than
by some quantitative method, so refocusing is not a perfect fix to this issue. Therefore, the
shapes of the spectra rather than their intensities should be assessed when understanding which
materials contributed which characteristics to the spectrum of graphene on gold on SiO₂. In the
spectrum we see the characteristic peaks of graphene at about 1550 cm⁻¹ and 2700 cm⁻¹. There is
also a large overall background contributed by the gold. We know this is large background is not
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due to contamination from the graphene transfer process because it is seen in the spectrum of
gold on SiO₂ (red line), where no graphene was deposited so there would be no contamination
from the transfer process. We also know this large background is not due to native contamination
on the SiO₂ substrate or graphene because it is not seen in the spectra of bare SiO₂ (purple line)
or graphene on SiO₂ (yellow line). Therefore, the Raman shows that the sample is clean.

Next, we studied the sample using STM topography and spectroscopy, these data are shown and
discussed in the next section. We then annealed the sample in situ on three separate occasions
and studied again with STM topography and spectroscopy after each anneal. The first anneal was
for 30 minutes at about 300 C, and the second and third anneals were done at 30 minutes at about
500° C.
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3.d Results
The results of this experiment will be presented as follows: I will first compare the
crystallinity of the STM topography data before and after annealing. I will then show the dI/dV
spectra on various points on the sample before it was annealed and after it was annealed.

3.d.i STM topography on graphene on gold before and after the first anneal
The STM imaging of the graphene on gold sample showed atomic resolution of the
graphene atoms, indicating that the graphene on top of gold was intact and clean, as shown in
Figure 3.3.

STM topography on the graphene on gold sample before it was annealed (Figure 3.4 A)
shows that the surface morphology is mostly amorphously shaped bumps. This indicates that the
crystal grains are disordered. After annealing the graphene on gold sample for 30 minutes at
about 300 C, STM topography images (Figure 3.4 B) showed an increase in the number of flat
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terraces and more abundant and oriented steps, meaning that there are now more areas of single
crystalline gold.

To quantitatively assess this apparent increase in crystallinity, I took line profiles in WSxM, an
image analysis software, on sections of the samples before and after annealing, which are shown
in Figure 3.5 below. I chose areas on both the before and after annealing samples that looked like
they might be steps. The line profile on the area before annealing (Figure 3.5 A) shows
considerable variation in height and no step-like pattern in this area, which leads to the
conclusion that the gold morphology is disordered, with no single crystal regions large enough to
be detected. The line profile taken on the sample after annealing (Figure 3.5 B), also shows a
significant variation in height, but in this case there are five apparent steps. On four of these
steps are regions where the height varies by less than 0.2 nm, the approximate measured height
of a gold step, which indicates that these areas are atomically flat single crystalline terraces.
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3.d.ii dI/dV spectra before annealing
Before annealing, dI/dV spectroscopy showed very similar LDOS in multiple areas of
graphene on gold, as shown in Figure 3.6 below. All three dI/dV sampling points shown in parts
A, B, and C of Figure 3.6 were taken in different topographical areas and all show the
characteristic V shaped spectrum of graphene. The Dirac point is also shifted slightly higher than
zero volts, around 50 mV, in all three areas.

46

3.d.iii dI/dV spectra after annealing
After the first annealing step, we observed three different types of dI/dV spectra in three
different regions of the sample. The regions containing the different spectra are from now on
referred to as regions 1, 2, and 3. Region 1, an atomically flat terrace, contains an asymmetrically
shaped spectrum with Dirac point above zero volts. Region 2, a single gold layer step edge,
contains a V-shaped spectrum with Dirac point greater than zero volts. Region 3, a very bumpy
area of disordered gold, contains a V-shaped spectrum with Dirac point less than zero volts. The
spectra and associated data are shown and described in more detail in the following paragraphs.
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Region 1 is a crystalline terrace, as confirmed by the line profile (3.7 D) which varies by
less than 70 picometers across the terrace, far less than the ~2 A height of a gold step. The
crystal plane is likely Au(111) because the surface energy for Au(111) is lower than other crystal
planes that might form. (50) The small height variations in the profile can likely be attributed to
imaging noise. The dI/dV spectrum (3.7 B) on Region 1 is asymmetrical and differs significantly
from the expected LDOS of graphene. In this spectrum we see an unusual dip on the negative
voltage side of the spectrum denoted with a black arrow. Also, the Dirac point, denoted on the
spectrum with an arrow, is shifted above zero volts to about 100 mV.

At first, region 2 appears as flat as region 1. However, the close-up images (3.8 C.i and
even closer C.ii) show that the location where the dI/dV spectrum was taken is actually a
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monoatomic gold step edge. The line profile over the dI/dV sample location shows a height jump
of about 2.5 A, which is about the right height for a gold step. The dI/dV spectrum on region 2
(Figure 3.8 B) shows the characteristic V-shaped LDOS of graphene. Like in Region 1, the Dirac
point is again higher than zero volts, close to 150 mV.

Region 3 has a bumpy and disordered morphology, with the line profile (3.9 D) showing
bumps about 0.6 nm to 1 nm high. The dI/dV spectrum on this region (Figure 3.9 B) shows the
characteristic V-shaped LDOS of graphene. Unlike the spectra in the first two regions, here the
Dirac point is lower than zero volts, around -100 mV.
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After the second and third anneals, imaging quality was significantly reduced, and we were
unable to obtain useful data. AFM data taken after annealing showed that the sample was still
clean after the three anneals, so the poor imaging quality was likely due to instability in the STM
system rather than dirt accumulating and making it harder to image.

3.e Discussion
The results of this experiment show that this simple annealing procedure increases the
crystallinity of gold underlying graphene. It is also apparent that the LDOS of the graphene on
gold is homogeneous before annealing, but after annealing multiple unique electronic signatures
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are seen across the graphene on gold. After annealing, the differing electronic signatures appear
to correlate with different underlying gold morphology.
Before annealing, the Dirac point of the spectra are slightly above zero. After annealing,
different Dirac point positions are seen in the each of the three sampled regions. Gold has been
shown to both n-dope and p-dope graphene to varying degrees depending on the shape and
coverage level of the gold and the distance between the gold and graphene. (50, 51, 52) In their
study, Wu et al showed that gold nanoparticles cause n-doping in graphene, and continuous
amorphous gold film causes p-doping. (51) Calculations by Khomyakov et al, shown in Figure
3.10 B, show that graphene between 2.5 A and 5 A above gold is doped, so graphene should not
be considered suspended if it is close enough to still impacted by the underlying gold. (52)

Based on these known interactions between gold and graphene, it is likely that the Dirac
point is shifted in the spectra we took because the graphene is being doped by the underlying
gold. Before annealing, the Dirac points in the spectra are slightly above zero, so the graphene
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appears to be slightly p-doped by the underlying amorphous gold, which is consistent with
literature, an example of which is shown in Figure 3.10 A. (51) After annealing, spectra from
Regions 1 and 2, which correspond to atomically flat and gold step topography respectively, also
have Dirac point higher than zero volts, so the graphene appears to be p-doped in Regions 1 and
2 also. Region 2 spectrum shows slightly stronger p-doping than in Region 1. The small
difference in the amount of p-doping in these two regions is likely due to the distance between
the graphene and the gold. Since Region 2 shows stronger doping, the graphene in that region
(on the step edge) is probably slightly farther from the gold than the graphene in Region 1 (on
the crystalline terrace). The spectrum in Region 3 has a Dirac point lower than zero volts. Since
the topography in this region is very bumpy, it is likely that in this region the bumpy gold is
impacting the graphene in a way that is similar to gold nanoparticles and causing n-doping.
Another major difference between the regions after annealing is the shape of their dI/dV
spectrum. Before annealing, all three spectra show the V-shaped LDOS of graphene, as is
described in Chapter 1 (Background). This is also consistent with literature showing the LDOS
of graphene on amorphous gold. (50, 51) An example of dI/dV spectrum of graphene on
amorphous gold can be seen in Figure 3.10 B. After annealing, the spectra in Regions 2 and 3
(gold step edge and amorphous morphology, respectively) are both V shaped, which again is
typical for graphene on disordered gold. However, the spectrum in Region 1 (crystalline terrace)
shows an unusual dip feature at about -300 mV. Two more spectra taken on other terraces also
have this feature and can be seen and in Appendix A. This feature is likely due to interaction
between electronic states of graphene and the underlying Au(111). The Shockley surface state
has been observed in many crystalline metals including Au(111). The dI/dV spectrum of
crystalline gold showing the Shockley surface state from work by Davis et al is shown in Figure
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3.11 A, where the surface state is observed as a peak in the spectrum at around -400 mV. (57) It
was also recently shown to persist in dI/dV maps of graphene on Au(111) by Tesch et al, which
is discussed in more detail in the Background chapter. Additionally, the Shockley surface state
has been shown to deform the dI/dV point spectrum of graphene on other crystalline metals. An
example of a Shockley state in graphene on Cu(111) from work by Hollen et al is shown in
Figure 3.11 B. (55) Furthermore, Slawinska et al calculate a predicted dI/dV spectrum of
graphene on Au(111), shown in Figure 1.2, that looks very similar to the one we show in Figure
3.7. This evidence indicates that the dip in our dI/dV spectrum of graphene on Au(111) arises
from the Shockley state of Au(111).

In summary, these data show that the dI/dV spectra vary significantly across our sample
due to the influence of the underlying gold. Even small differences in the gold morphology cause
significant changes the dI/dV of the graphene on top of it.
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In future experiments similar to this one, we could anneal in an Ar/ H₂ atmosphere as is
done in the work by Fonseca et al. This may reproduce the gold dewetting they observed and
produce a sample with a network of suspended and gold supported graphene. Also, either the
sample produced in this experiment or a sample of graphene on dewetted gold could be taken a
step farther and turned into a FET. In this FET geometry, the underlying gold could be used as an
electrostatic gate. This would require isolating the graphene from the gold using an insulating
layer such as hBN. A voltage could then be applied to the gate to selectively apply and tune the
gold’s effect on the graphene. This device geometry would enable us to tune the electronic
disorder in the graphene caused by the underlying gold, which could be useful in an experiment
looking to tune electronic disorder in graphene to tune a quantum phase transition.
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Chapter 4: Conclusion
Two dimensional materials present a newly discovered world of novel properties and
unusual physics within so many well-known bulk materials, just a piece of scotch tape away. The
native electrical, chemical and mechanical properties of many 2D materials capture the
imaginations of researchers and present new opportunities for industry. In addition to their
electronic properties, their nanoscale height, flexibility, and transparency make them attractive
candidates for nanoelectronics, bendable devices, touch screens, and applications in solar cells.
2D materials can be easily modified to suit a particular research interest or industrial application
using environmental factors such as substrate, surface contamination, and strain. However, these
qualities that can be harnessed to induce novel physical phenomena or apply 2D materials in
industry can also be applied accidentally during exfoliation, transfer, and lithography methods.
As described in the Background and Methods sections of this work, considerable effort and
creativity have been employed to control these environmental factors. Multiple clean exfoliation
methods have been developed to produce high yield of large area monolayers of material.
Numerous transfer methods exist to move 2D materials to a substrate that will not impact its
properties. On the other hand, 2D materials can be moved to substrates that induce strain or
suspend materials. Rigorous cleaning steps are used during all processing methods to prevent
contamination. Even those methods that seem simple when described often present challenges in
practice, owing to the very small, transparent, and easily contaminated nature of 2D materials.
Successful exfoliation, transfer, and device creation with 2D materials requires both practice and
patience.
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The susceptibility of graphene to its substrate was demonstrated in the graphene on gold
annealing experiment. We showed that the dI/dV spectrum of graphene was influenced heavily
by the structure of underlying gold. Graphene was doped differently by crystalline and
disordered gold, and we also found the signature of a gold surface state in the dI/dV spectrum of
graphene on Au(111).
The options for future 2D material research are vast considering the multitude of
environmental factors that can modify material properties. The future of experimental 2D
material investigation is bound only by the curiosity of researchers and their mastery of 2D
material processing methods to create whatever they can imagine.
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Appendix A: Additional dI/dV data showing Shockley surface state in graphene on gold

The data above show two more points, in addition to the one discussed in Chapter 3, that show
the Shockley state signature in the LDOS of graphene on Au(111). The two sampled areas are
shown to be atomically flat in the sampled regions using line topography in parts 1.d and 2.d of
the figure above.
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Appendix B: Materials and chemicals used in photolithography
CVD grown graphene from Graphenea.
Step 1 photoresists: LOR5B and AZ1512 from University of Maine
Step 1 developer: in MIF300 from University of Maine
Step 1 liftoff agent: PRS200 from University of Maine
Step 2 negative photoresist: nLof2020 from University of Maine
Step 2 developer: MIF300 from University of Maine
Step 2 liftoff agent: AZ kwik strip from University of Maine
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